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Abstract The readout of transition-edge sensor (TES) bolometers with a large
multiplexing factor is key for the next generation Cosmic Microwave Background
(CMB) experiment, POLARBEAR-21, having 7,588 TES bolometers. To enable
the large arrays, we have been developing a readout system with a multiplexing
factor of 40 in the frequency domain. Extending that architecture to 40 bolometers
requires an increase in the bandwidth of the SQUID electronics, above 4 MHz.
This paper focuses on cryogenic readout and shows how it affects cross talk and
the responsivity of the TES bolometers. A series resistance, such as equivalent
series resistance (ESR) of capacitors for LC filters, leads to non-linear response
of the bolometers. A wiring inductance modulates a voltage across the bolometers
and causes cross talk. They should be controlled well to reduce systematic errors
in CMB observations. We have been developing a cryogenic readout with a low
series impedance and have tuned bolometers in the middle of their transition at a
high frequency (> 3 MHz).
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21 Introduction
For the next generation Cosmic Microwave Background (CMB) experiment, PO-
LARBEAR-21, we will build a receiver that has 7,588 TES bolometers coupled
to two-band (95 and 150 GHz) polarization-sensitive antennas. The kilopixel ar-
rays are necessary to achieve the required sensitivity and our science goals. PO-
LARBEAR-2 is an upgraded experiment based on POLARBEAR-1, which has mea-
sured the B-mode power spectrum2, the deflection power spectrum3 and its cross-
correlation with cosmic infrared background4. POLARBEAR-1 is using a readout
system with a multiplexing factor of 8 in the frequency domain, with the bolome-
ters biased up to 1 MHz. POLARBEAR-1 is using analog flux-locked loop (FLL)
to read out the current through the SQUID amplifier.
The POLARBEAR-2 focal plane is an order of magnitude larger than currently
deployed TES arrays. This requires a large multiplexing factor due to limitations
on thermal loading from signal cables. We are developing readout electronics,
which multiplexes 40 TES bolometers through a single superconducting quan-
tum interface device (SQUID). Extending that architecture to 40 bolometers re-
quires an increase in the bandwidth of the SQUID electronics, above 4 MHz.
Since the analog FLL limits the usable bandwidth up to 1 MHz, we use Digital
Active Nulling (DAN)5 6 on the digital frequency-domain multiplexing platform
for multiplexing 40 bolometers, as shown in Fig. 1. With DAN, digital feedback
is calculated for each bolometer, extending the useful bandwidth of the SQUID
amplifier. In this paper, we will describe cryogenic readout electronics, LC filters
and cold cables, which are also important for achieving the high multiplexing fac-
tor. We are developing 40-channel LC filters and low-inductance superconducting
cables. Detailed descriptions of the LC filters are found in8. This paper gives an
overview of the cryogenic readout and its requirements for CMB observations.
Using the new readout components and the modified wiring, we will show the
performance of bolometers biased at high frequency (> 3 MHz).
2 Cryogenic readout electronics
Since the resistance of a TES bolometer is small, it is important to design the cryo-
genic readout electronics carefully, and suppress the series impedance to voltage-
bias the TES bolometers. In the following sections, we will give an overview of
requirements placed on the series impedance.
2.1 Series resistance
A component that mainly contributes to the series resistance is an equivalent se-
ries resistance (ESR) of a capacitor forming an LC filter. As dielectric loss in
the capacitors become larger at a higher frequency, controlling the ESR becomes
more important for a readout with a large multiplexing factor, which requires a
wide bandwidth. The series resistance causes instability in electrothermal feed-
back when Rs > Rbolo with loop gain >> 1, where Rs is a series resistance, and
Rbolo is a TES resistance7. Even with Rs < Rbolo, a non-linear response of the TES
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Fig. 1 Block diagrams showing the digital frequency-domain multiplexing readout of POLAR-
BEAR-2. (1) A cold wire connecting the bias resistor (4 K) and the LCR circuit (250 mK) has a
series inductance Ls and resistance Rs0. (2) Each LCR leg has an Equivalent Series Resistance
(ESR) of a capacitor for an LC filter, Rs1. (3) Digital Active Nulling (DAN) on the digital fre-
quency multiplexing platform is used to increase the readout bandwidth. (4) Current flowing
through the SQUID input coil is nulled by DAN, such that Isq = Ibolo+ Inull = 0.
bolometer is caused and can create systematic errors with CMB observations. As-
suming that β = ∂ logR∂ log I << 1 for our TES bolometers, the non-linear response of
the voltage-biased bolometer at a frequency, ω << Rbolo/L,
dI
dP
=− 1
I(Rbolo−Rs)
L
L + Rbolo+RsRbolo−Rs
1
1+ iωτRbolo−Rs
Rbolo+Rs
L+1
, (1)
where I is the current through the TES, P is input power, L is the loop gain,
and τ is the time constant at L = 0. This equation can be derived using equa-
tions shown in7. The equation is valid for CMB observations since we only use
frequencies where ω << Rbolo/L for data analysis. If the loop gain L is infinite
and the series resistance Rs is zero, the gain dI/dP is constant and the bolome-
ter response is linear. The series resistance varies the gain as the input power P
changes. Considering the first order of Taylor series, the change in current as a
function of input power is
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(2)
We used a constant-voltage biased condition, dRbolo/dI = −(Rbolo +Rs)/I,
to derive Eq. 2. The first term expresses linear response and other terms express
the non-linear response. When the loop gain is infinite and the series resistance is
zero, the non-linear terms become zero and the response is linear. The second and
the last terms in Eq. 2 are proportional to the series resistance. The second term
cannot be mitigated even with the infinite loop gain. Our goal is Rs/Rbolo . 0.2,
achieved by the POLARBEAR-1 readout, to maintain the non-linearity in the same
level.
4Components that contribute to the series resistance are (1) Equivalent Series
Resistance (ESR) of a capacitor for an LC filter8 (2) flex cables with copper lines
which connect the wafer and the LC filters (3) contact resistance of connectors
(4) copper traces on printed circuit boards where SQUIDs are mounted (5) a re-
sistor biasing the bolometers (30 mΩ ). In Fig. 1, the resistive bridge consisting of
Rcarrier and Rbias, where Rcarrier >> Rbias, is equivalent to a voltage-source with
Rbias in series according to Thevenin’s theorem. Since readout lines on the wafer
and cables between the LC boards and the SQUID mounting boards are super-
conducting, they don’t contribute to the series resistance. In Sec. 3, we present
measurements of the total series resistance.
2.2 Series inductance
Though the series inductance can also break the constant voltage-biasing condi-
tion, most of the inductance in series with the bolometer can be mitigated and
doesn’t appear in Eq. 1. Most of the series inductance can be cancelled by choos-
ing the resonant frequency of the LC filter shifted by the series inductance. How-
ever, contribution to cross talk between neighboring channels in frequency space10
cannot be mitigated. The change in the current through the series inductance Ls
in Fig. 1 modulates the voltage across the entire LCR circuit, deposits electronic
power to the bolometers and leads to cross talk. The series resistance Rs0 shown
in Fig. 1 also contributes to the voltage modulation. At high frequency, the series
impedance iωLs is much higher than Rs0, and the series resistance is negligible.
Note that the current through the SQUID input coil is cancelled by DAN, such that
Isq = Ibolo+ Inull = 0, and the SQUID input impedance iωLsq doesn’t contribute
to cross talk.
The electrical cross talk should be smaller than the ' 1% specification set by
the size of the CMB signals being measured. We chose logarithmic spacing to
maintain cross talk across the entire readout bandwidth9. We set targeted series
inductance to 60 nH, considering the length of the cold cables (about 60 cm) and
an achievable inductance (about 1 nH / cm). Based on the series inductance and the
acceptable cross talk, the peak frequencies of the LC filters are from 1.6 MHz to
4.2 MHz. The frequency schedule allows a margin of error of resonant frequencies
of the LC filters.
3 Cold readout with TES bolometers
In this section, we present the evaluations of our cryogenic readout in a laboratory
fMUX setup, shown in Fig. 1. We used a low inductance cable to connect the LCR
circuit (0.3 K) to the bias resistor (4 K). The cable consists of two segments: a low-
inductance broadside-coupled stripline which has copper lines and high thermal
conductivity, and a NbTi stripline with a similar geometry. The NbTi stripline was
used to isolate the 4 K and 0.3 K stages thermally. The total inductance for the
cryogenic cable was < 90 nH. We are developing a NbTi stripline with a thinner
substrate to achieve the targeted series inductance, 60 nH.
The resonant peaks of the LC filters were measured by sweeping a small am-
plitude probe in frequency, as shown in Fig. 2. We used the width of a resonant
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(a) At 0.6 K where the TESes are normal.
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(b) At 0.3 K where the TESes are supercon-
ducting.
Fig. 2 The resonant peaks of LC filters measured by frequency-sweeping a small amplitude
probe.
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Fig. 3 Series resistance, sum of the ESR, Rs1, the wiring resistance Rs0 and the bias resistance
Rbias, obtained by fitting the peaks in Fig. 2(b).
peak, ∆ω =R/L, to measure a resistance in series with an LC filter. When the TES
is superconducting, the measured resistance is equal to the sum of the series re-
sistance, Rs0 +Rs1 +Rbias. Figure 3 shows the series resistance obtained by fitting
the peaks in Fig. 2(b). This is the sum of resistances for all the cryogenic readout
electronics, and is higher than the equivalent series resistance of the capacitors
in the LC filters, shown in8. The error bars in Fig. 3 could be originated from a
fit function describing a single LCR leg, not considering the stray capacitance,
the inductance and the leakage current through neighboring channels in frequency
spacing. The measured resistance meets the requirements, Rs/Rbolo . 0.2, where
Rbolo in transition is about 1 Ω . Using the new cryogenic readout, we sucessfully
tuned the bolometers into the middle of transition. Figure 4 shows examples of the
transition curves.
4 Conclusion
Controlling the series resistance and inductance is important to reduce systematic
errors for CMB observations. Even a small series resistance changes performance
640 50 60 70 80 90 100 110
power [pW]
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
re
si
st
a
n
ce
 [
O
h
m
]
(a) At 1.6 MHz.
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(b) At 3.5 MHz.
Fig. 4 Bolometer resistance vs. power for voltage-biased bolometers.
of the TES bolometer and creates non-linearity, which leads to systematic errors.
We successfully reduced the series resistance using low-loss capacitors. To reduce
it further, we will implement micro-D connectors, which have a low-contact resis-
tance and are robust mechanically. Though their disadvantage is a high inductance,
we will use the lower-inductance stripline under development to compensate the
increase in inductance. We have demonstrated tuning bolometers into transition
at a high frequency using legacy warm electronics, which multiplexes up to 16
channels. New warm electronics allowing a larger multiplexing factor have been
developed6 and we will test the cold readout with them.
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